Modification of photosynthetic electron transport and amino acid levels by overexpression of a circadian-related histidine kinase hik8 in Synechocystis sp. PCC 6803 by Ayuko Kuwahara et al.
ORIGINAL RESEARCH
published: 20 October 2015
doi: 10.3389/fmicb.2015.01150
















These authors have contributed
equally to this work.
Specialty section:
This article was submitted to
Microbiotechnology, Ecotoxicology
and Bioremediation,
a section of the journal
Frontiers in Microbiology
Received: 19 August 2015
Accepted: 05 October 2015
Published: 20 October 2015
Citation:
Kuwahara A, Arisaka S, Takeya M,
Iijima H, Hirai MY and Osanai T (2015)
Modification of photosynthetic
electron transport and amino acid
levels by overexpression of a
circadian-related histidine kinase hik8




electron transport and amino acid
levels by overexpression of a
circadian-related histidine kinase
hik8 in Synechocystis sp. PCC 6803
Ayuko Kuwahara 1 †, Satomi Arisaka 2 †, Masahiro Takeya 2 †, Hiroko Iijima 2,
Masami Yokota Hirai 1 and Takashi Osanai 1, 2*
1 RIKEN Center for Sustainable Resource Science, Yokohama, Japan, 2Department of Agricultural Chemistry, School of
Agriculture, Meiji University, Kawasaki, Japan
Cyanobacteria perform oxygenic photosynthesis, and themaintenance of photosynthetic
electron transport chains is indispensable to their survival in various environmental
conditions. Photosynthetic electron transport in cyanobacteria can be studied through
genetic analysis because of the natural competence of cyanobacteria. We here show
that a strain overexpressing hik8, a histidine kinase gene related to the circadian
clock, exhibits an altered photosynthetic electron transport chain in the unicellular
cyanobacterium Synechocystis sp. PCC 6803. Respiratory activity was down-regulated
under nitrogen-replete conditions. Photosynthetic activity was slightly lower in the
hik8-overexpressing strain than in the wild-type after nitrogen depletion, and the values of
photosynthetic parameters were altered by hik8 overexpression under nitrogen-replete
and nitrogen-depleted conditions. Transcripts of genes encoding Photosystem I and
II were increased by hik8 overexpression under nitrogen-replete conditions. Nitrogen
starvation triggers increase in amino acids but the magnitude of the increase in several
amino acids was diminished by hik8 overexpression. These genetic data indicate
that Hik8 regulates the photosynthetic electron transport, which in turn alters primary
metabolism during nitrogen starvation in this cyanobacterium.
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INTRODUCTION
The unicellular cyanobacterium Synechocystis sp. PCC 6803 (hereafter referred to as Synechocystis
6803) is one of the most widely studied cyanobacteria owing to its natural transformation ability
and its genomic information (Ikeuchi and Tabata, 2001; Kanesaki et al., 2012). Knockout and
overexpression of genes of interest in Synechocystis 6803 enable the researchers to investigating
the molecular mechanisms of photosynthetic electron transport in this cyanobacterium (Ikeuchi
and Tabata, 2001; Osanai et al., 2011).
Like other algae and plants, Synechocystis 6803 possesses Photosystem I and II (PSI
and PSII). PSII is a multi-protein complex, localized in the thylakoid membrane, which
functions as a light-driven water:plastoquinone oxidoreductase along with the Mn4Ca cluster
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(Nixon et al., 2010; Barber, 2014). The core of the PSII complex
is composed of D1 and D2 proteins encoded by psbA and
psbD, respectively (Mulo et al., 2009). Two chlorophyll-binding
proteins CP43 and CP47, encoded by psbC and psbB respectively,
are included in the reaction center of PSII (Barber, 2014). Three
extrinsic proteins, PsbO, U, and V, are located on the lumenal
side of cyanobacterial PSII and function as an oxygenic evolving
complex (Barber, 2014). At least 20 proteins are included in PSII,
and its dimeric crystal structure in thermophilic cyanobacteria
has been resolved at a resolution of 1.9 Å (Umena et al., 2011). PSI
is also a large membrane protein complex catalyzing light-driven
electron transfer from the soluble electron carrier plastocyanin
located on the lumenal side, to ferredoxin, located on the stromal
side (Amunts andNelson, 2009). The PSI complex is organized as
a trimer containing 12 protein subunits (Jordan et al., 2001). The
central part of the PSI core complex is formed by a heterodimer
of the large transmembrane proteins PsaA and PsaB (Amunts
and Nelson, 2009). The stromal loops of PsaA and PsaB are
associated with the three stromal proteins PsaC, PsaD, and PsaE,
which interact with ferredoxin (Amunts and Nelson, 2009).
Plastocyanin is bound with PsaF at the lumenal part of PSI
(Karapetyan et al., 2014). PsaI and PsaL are essential components
of a trimer complex in cyanobacteria (Karapetyan et al., 2014).
The regulatory mechanisms of photosystems have been
intensively studied in cyanobacteria. The D1 proteins are
the main PSII subunits damaged during photoinhibition,
and therefore, turnover of D1 proteins is an important
photoprotective mechanism (Nixon et al., 2010). Regulation
of D1 proteins at translational and post-translational levels
is indispensable for the maintenance of PSII (Silva et al.,
2003; Kojima et al., 2009). Down-regulation of the PSI/PSII
ratio under high-light conditions is another way to acclimate
to the fluctuation of light intensity (Murakami and Fujita,
1991). A response regulator, RpaB, binds the promoter regions
of PSI genes and activates their gene expression under low
light conditions (Seino et al., 2009). RpaB functions as a
repressor of high light inducible genes in Synechocystis 6803 and
Synechococcus sp. PCC 7942 (Kappell and vanWaasbergen, 2007;
Seki et al., 2007). Not only light conditions, but also nitrogen
starvation can change the ratio of PSII and PSI activities in
unicellular cyanobacteria (Görl et al., 1998). Overexpression of
sigE, encoding an RNA polymerase sigma factor involved in sugar
catabolism, modifies respiratory, and photosynthetic activities
under both nitrogen-replete and nitrogen-depleted conditions
(Osanai et al., 2013). Thus, light and nutrient conditions refine
photosynthetic electron transport, which is altered through
transcriptional cascades in Synechocystis 6803.
One of distinctive characteristic of cyanobacteria is their
possession of circadian clocks. The central circadian oscillator
consists of three proteins, KaiA, KaiB, and KaiC, and their
phosphorylation cycle and transcription and translation feedback
loops are essential for the generation of circadian rhythms
(Ishiura et al., 1998; Nakajima et al., 2005). SasA is a histidine
kinase associated with KaiC in Synechococcus sp. PCC 7942
(Iwasaki et al., 2000). Hik8 is an ortholog of SasA in Synechocystis
6803 and hik8 knockout or overexpression alters the gene
expression and metabolite levels related to primary carbon
metabolism (Singh and Sherman, 2005; Osanai et al., 2015).
The involvement of Hik8 in primary metabolism is thus
genetically demonstrated, but its involvement in photosynthetic
electron transport has not been demonstrated. The expression
patterns of photosynthetic genes exhibit circadian oscillation
during day/night cycle (Kucho et al., 2005), indicating that
photosynthetic electron transport is under the control of
circadian-related proteins.
Here we report significant changes in the expression of
genes related to photosynthetic electron transport as a result of
hik8 overexpression. Analyses of respiratory and photosynthetic
activities and amino acid levels, show a histidine kinase-mediated
regulation of photosynthetic electron transport and primary
metabolism in this cyanobacterium.
MATERIALS AND METHODS
Bacterial Growth Conditions
A glucose-tolerant (GT) strain of Synechocystis sp. PCC 6803,
isolated by Williams (1988), and the hik8-overexpressing strain,
designated as HOX80 (Osanai et al., 2015), were grown in
modified BG-11 medium (Rippka, 1988) containing 5mM
NH4Cl (buffered with 20mM HEPES-KOH, pH 7.8). The GT-I
strain, among GT substrains, was used in this study (Kanesaki
et al., 2012). Liquid cultures were bubbled with 1% (v/v) CO2
in air and incubated at 30◦C under continuous white light
(ca. 50–70µmol photons m−2 s−1). For nitrogen starvation,
cells grown in modified BG-11 were transferred into BG-110
medium (BG-11 medium without NH4Cl) by filtration. Growth
and cell densities were measured at OD730 with a Hitachi U-3310
spectrophotometer (Hitachi High-Tech., Tokyo, Japan).
Measurement of Respiratory and
Photosynthetic Activities
Chlorophyll levels of cells grown under nitrogen-replete
conditions were determined by a methanol extraction method
(Grimme and Boardman, 1972; Iijima et al., 2015a). Cells
containing 10µg chlorophyll were resuspended in 1mL BG-110
liquid medium, supplemented with or without 5mM NH4Cl,
and incubated at 30◦C within the chamber of an Oxytherm
Clark-type oxygen electrode (Hansatech Instruments, King’s
Lynn, UK). Cells were incubated in dark conditions with
monitoring of oxygen consumption for 10min. The rate of
oxygen consumption in the final 3min of incubation was used
to calculate respiration activity. Total oxygen evolution was
measured after addition of 10µL of 1M NaHCO3 and exposure
to white light of 1050µmol photons m−2 s−1. The rate of
oxygen evolution was calculated for the final 3min of the 7-min
measurement period.
Absorption Spectra with an End-on Type
Spectrophotometer
Cells were cultivated in modified BG-11 medium for 1 day
(started from OD730 = 0.2), collected by filtration, and
then, re-suspended in BG-110 medium. Absorption spectra
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were measured with an end-on type spectrophotometer MPS-
2450 (Shimadzu, Kyoto, Japan). The data were normalized with
OD730 = 1.0.
Chlorophyll Fluorescence
Chlorophyll fluorescence was measured with an AquaPen-C
AP-C 100 fluorometer (Photon Systems Instruments, Drasov,
Czech Republic). Chlorophyll levels of cells grown under
nitrogen-replete and nitrogen-depleted conditions were
determined and cells were diluted to 0.3µg mL−1 chlorophyll a
in 2mL BG-110 medium supplemented with or without 5mM
NH4Cl. Chlorophyll fluorescence was measured in accordance
with the manufacturer’s instructions (protocol NPQ1) after
dark adaptation for 5min. The intensity of actinic light and
pulse-saturated light was 300 and 1500µmol photons m−2 s−1,
respectively. The wavelength of actinic light and pulse-saturated
light was 450 nm. The Fm value was obtained after addition of
10µM DCMU. The values of the photosynthetic parameters
were calculated as described previously (Campbell et al., 1998;
Sonoike et al., 2001), except that far-red light was not used in the
present experiment. The values of qP, qN, NPQ, and 8II were
calculated as (Fm′−Fs)/(Fm′−Fo′), 1− [(Fm′−Fo′)/(Fm−Fo)],
(Fm′ − Fs)/Fm′, and (Fm − Fm′)/Fm′, respectively.
RNA Isolation and Quantitative Real-time
PCR
RNA isolation was performed as described previously (Osanai
et al., 2014). The cDNAs were synthesized with the SuperScript
III First-Strand Synthesis System (Life Technologies Japan,
Tokyo, Japan) with 2µg total RNA. Quantitative real-time PCR
was performed with the StepOnePlus Real-Time PCR System
(Life Technologies Japan) in accordance with the manufacturer’s
instructions, using the primers listed in Table S1. The expression
level of rnpB, which encodes RNaseP subunit B, was used as an
internal standard.
Amino Acid Analysis by Gas
Chromatography Mass Spectrometry
(GC-MS)
Cells were cultivated in modified BG-11 medium for 1 day
(starting from OD730 = 0.2), and equal amounts of cells
(50mL cell culture with OD730 = 1.0) were harvested by
rapid filtration. Nitrogen-starved cells were similarly collected by
filtration after 4 h of cultivation in BG-110 medium. Amino acids
were quantified by GC-MS as previously described (Osanai et al.,
2014). All the results are listed in Table S2.
RESULTS
Alteration of Oxygen Evolution and
Consumption by Hik8 Overexpression
To study the role of Hik8 in photosynthetic electron transport,
respiratory and photosynthetic activities were measured.
Previous studies showed that Hik8 regulates the expression of
genes related to sugar catabolism and the nitrogen-induced
sigma factor sigE (Singh and Sherman, 2005; Osanai et al.,
2015), and sugar catabolism in Synechocystis 6803 is particularly
altered by nitrogen status (Osanai et al., 2006). Thus, we chose
both nitrogen-replete and nitrogen-depleted experimental
conditions. Respiratory activities of GT and HOX80 under
nitrogen-replete conditions were 18.6 and 12.5µmol O2mg
chla−1 h−1, respectively, and thus, the respiratory activity of
HOX80 was two-thirds of that in the GT strain (Figure 1A).
The respiratory activity in GT increased by 1.3 times after 1
day of nitrogen depletion, whereas that in HOX80 increased
by 2.1 times after 1 day of nitrogen depletion (Figures 1A,B).
Photosynthetic activity was almost the same between GT
and HOX80 under nitrogen-replete and nitrogen-depleted
conditions for 1 day (Figure 1B). After 3 days of nitrogen
depletion, respiratory, and photosynthetic activities in HOX80
were slightly higher and lower, respectively, than those in GT
(Figures 1A,B). Changes in the color of the cultures during
nitrogen starvation were similar between GT and HOX80. To
confirm this, the absorption spectra were measured using an
end-on type spectrophotometer. The transient increase and
gradual decrease after prolonged nitrogen starvation in OD623
(which are the peaks representing phycobilisomes) were similar
between GT and HOX80 (Figure 1C).
Chlorophyll fluorescence was subsequently measured to
determine the values of the photosynthetic parameters. The
values of Fv/Fm (the maximal photochemical efficiency of PSII),
Fv′/Fm′ (the photochemical efficiency of open PSII centers),
qP (photochemical quenching), and 8II (the effective quantum
yield of electron transport through PSII) were decreased by hik8
overexpression under nitrogen-replete conditions (Figure 2).
The values of Fv′/Fm′ and 8II in HOX80 were also lower than
in GT under nitrogen-depleted conditions for 1 day (Figure 2).
Alteration of the Expression of Genes
Related to Electron Transport
Subsequently, the transcript levels of the genes related to electron
transport were measured. The transcript levels of 15 out of
22 PSII genes increased as a result of hik8 overexpression
under nitrogen-replete conditions; this increase was statistically
significant (Figures 3, 4). The transcript levels of genes encoding
the reactive center of PSII (psbAII, psbB, psbC, psbD, and psbD2)
increased more than 1.6 times by hik8 overexpression under
nitrogen-replete conditions (Figure 3). After nitrogen depletion
for 1 day, the expression of all the genes except psbAII and psbD2
was repressed in both GT and HOX80, and their levels were
similar between the two strains (Figures 3, 4).
The transcript levels of 7 out of 12 PSI genes increased as a
result of hik8 overexpression under nitrogen-replete conditions
(Figure 5). The expression of all PSI genes was down-regulated
during nitrogen starvation, and their transcript levels were
similar between GT and HOX80 (Figure 5).
The transcript analysis of five genes encoding the terminal
cytochrome c oxidase showed that the transcript levels of ctaCI,
ctaDII, and ctaEII increased by hik8 overexpression under
nitrogen-replete conditions, whereas the levels of ctaEI decreased
(Figure 6). The expression of five cytochrome c oxidase genes
was induced by nitrogen depletion, and the levels were similar
between GT and HOX80 (Figure 6).
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FIGURE 1 | Respiratory (A) and photosynthetic (B) activities of GT and hik8-overexpressing (HOX80) cells under nitrogen-replete and
nitrogen-depleted conditions. Data are the mean ± SD from seven independent experiments. Differences between GT and hik8-overexpressing cells were
analyzed with Student’s t-test. Asterisks denote statistical significance at *P < 0.05. (C) The levels of OD623, representing absorption by phycobilisomes during
nitrogen starvation. Data are the mean ± SD from eight independent experiments.
FIGURE 2 | Photosynthetic parameters for GT and hik8-overexpressing (HOX80) cells derived from chlorophyll fluorescence analysis. Data are the
mean ± SD from five independent experiments. Differences between GT and hik8-overexpressing cells were analyzed with Student’s t-test. Asterisks denote statistical
significance at *P < 0.05 and **P < 0.005.
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FIGURE 3 | Transcript levels of 12 genes encoding Photosystem II proteins in GT and hik8-overexpressing (HOX80) cells. Data are the mean ± SD from
independent experiments (n = 3∼4). The levels were calibrated relative to the value obtained in the GT strain under nitrogen-replete conditions, which was set at
100%. Differences between GT and hik8-overexpressing cells were analyzed with Student’s t-test. Asterisks denote statistical significance at *P < 0.05.
Increase in Amino Acid Levels after
Nitrogen Depletion was Abolished by Hik8
Overexpression
Phycobilisome degradation during nitrogen-starved conditions
is thought to provide amino acids as nitrogen sources (Richaud
et al., 2001). The 18 amino acids, ornithine, and glutathione
were quantified under nitrogen-replete and nitrogen-depleted
conditions (Figure 7). The increases in valine, leucine, isoleucine,
threonine, serine, phenylalanine, glutamine, and tyrosine by
nitrogen depletion were abolished by hik8 overexpression
(Figure 7).
DISCUSSION
In this study, we examined the involvement of a histidine
kinase Hik8 in photosynthetic electron transport, and our
genetic analysis revealed that hik8 overexpression modified
the expression of PSII and PSI genes (Figures 3–5). Our
analysis demonstrated that photosynthetic electron transport is
regulated by a circadian-related protein in this cyanobacterium.
Photosynthetic activity was partially decreased under nitrogen-
depletion by hik8 overexpression (Figure 1B), which is
empirically consistent with a decrease in 8II and Fv′/Fm′
in HOX80 (Figure 2). Previous study has showed that
overexpression of sigE accelerates sugar catabolism and decreases
the values of 8II and Fv′/Fm′ (Osanai et al., 2013) and hik8
overexpression activates sugar catabolism (Osanai et al., 2015).
Thus, the degree of sugar catabolism and the values of 8II and
Fv′/Fm′ may be negatively correlated in this cyanobacterium.
The value of Fv/Fm also decreased by hik8 overexpression
(Figure 2), indicating HOX80 strain contains aberrant PSII
complexes. The expression of PSII and PSI genes was up-
regulated as a consequence of hik8 overexpression (Figures 3–5),
and thus, the proper amount of photosynthetic transcripts and/or
proteins was important for the activity of oxygen evolution.
RpaA is a probable cognate response regulator of Hik8 and
inactivation of rpaA resulted in a decrease in the monomeric PSI
and D1 protein levels (Majeed et al., 2012). Although the direct
involvement of Hik8 in photosynthetic electron transport is
unclear, RNA-seq analysis has demonstrated that RpaA does not
bind with the promoters of photosynthetic genes (Markson et al.,
2013), nevertheless RpaA is important in adaptation to changes
in light conditions (Iijima et al., 2015b). We here genetically
showed that Hik8 manipulates the expression of genes related to
PSI, PSII, and cytochrome c oxidases.
Several groups have shown a transient increase in amino
acid levels after nitrogen depletion in Synechocystis 6803
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FIGURE 4 | Transcript levels of 10 genes encoding Photosystem II proteins in GT and hik8-overexpressing (HOX80) cells. Data are the mean ± SD from
independent experiments (n = 3∼4). The levels were calibrated relative to the value obtained in the GT strain under nitrogen-replete conditions, which was set at
100%. Differences between GT and hik8-overexpressing cells were analyzed with Student’s t-test. Asterisks denote statistical significance at *P < 0.05 and
**P < 0.005.
(Hauf et al., 2013; Kiyota et al., 2014; Osanai et al.,
2014). Amino acids containing additional nitrogen molecules
(glutamine, glutamate, aspartate, and asparagine) decreased
after 4 h of nitrogen depletion, whereas other amino acids
increased (Osanai et al., 2014). Kiyota et al. (2014) divided
amino acids into two groups: NblA-dependent and NblA-
independent amino acids. NblA is a protein essential for
the degradation of phycobilisome in cyanobacteria (Collier
and Grossman, 1994). The NblA-dependent amino acids are
glutamine, glutamate, glutathione, glycine, isoleucine, leucine,
methionine, phenylalanine, proline, serine, threonine, tyrosine,
and valine, and the NblA-independent amino acids are alanine,
asparagine, lysine, and tryptophan (Kiyota et al., 2014). All eight
amino acids whose induction was modestly decreased during
nitrogen starvation by hik8 overexpression (valine, leucine,
isoleucine, threonine, serine, phenylalanine, glutamine, and
tyrosine) are included in the NblA-dependent group (Figure 7).
Since the phycobilisome degradation was similar between GT
and HOX80 (Figure 1C), the reason for the difference of the
amino acid levels between GT and HOX80 after nitrogen
depletion was unclear. The interaction of photosynthetic electron
transport and amino acid metabolism offers intriguing insights
into the mechanisms of cell maintenance in cyanobacteria,
and we suggest, from this study, that a circadian-related
protein is important for this integrity. In this study, we found
the metabolite levels and photosynthetic electron transport
concomitantly altered in HOX80.
The regulation of photosynthetic genes by a histidine kinase
named CSK has been demonstrated in Arabidopsis thaliana
(Puthiyaveetil et al., 2010). CSK regulates the activity of bacteria-
type RNA polymerase through control of the phosphorylation
of sigma factor Sig1 (Puthiyaveetil et al., 2010). Synechocystis
6803 possesses multiple sigma factors, SigA–SigI (Osanai et al.,
2008), and light-induced psbAII/AIII gene expression is reduced
by sigD knockout (Imamura et al., 2003, 2004). Microarray
experiments also indicate the involvement of SigD in the
expression of photosynthetic genes (Summerfield and Sherman,
2007). Photosynthetic oxygen evolution is not affected by single
or double knockout of group-2 sigma factors, but the double
knockout of sigB/sigD leads to sensitivity to photoinhibition
because of abolished up-regulation of psbA expression (Pollari
et al., 2008, 2009, 2011). We previously showed that Hik8
positively regulates sigma factor SigE, and genetic modification of
sigE alters photosynthetic electron transport (Osanai et al., 2013,
2015). In this way, regulation of photosynthesis by combinations
of histidine kinases and sigma factors is conserved in both
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FIGURE 5 | Transcript levels of 12 genes encoding Photosystem I proteins in GT and hik8-overexpressing (HOX80) cells. Data are the mean ± SD from
independent experiments (n = 3∼4). The levels were calibrated relative to the value obtained in the GT strain under nitrogen-replete conditions, which was set at
100%. Differences between GT and hik8-overexpressing cells were analyzed with Student’s t-test. Asterisks denote statistical significance at *P < 0.05.
FIGURE 6 | Transcript levels of five genes encoding cytochrome c oxidase proteins in GT and hik8-overexpressing (HOX80) cells. Data are the mean ±
SD from independent experiments (n = 3∼4). The levels were calibrated relative to the value obtained in the GT strain under nitrogen-replete conditions, which was
set at 100%. Differences between GT and hik8-overexpressing cells were analyzed with Student’s t-test. Asterisks denote statistical significance at *P < 0.05.
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FIGURE 7 | Levels of 18 amino acids, ornithine, and glutathione. Data represent means ± SD from four independent experiments. Levels were calibrated
relative to that in GT grown under nitrogen-replete conditions (set at 100%). Asterisks indicate statistically significant differences between GT and HOX80 (Student’s
t-test; *P < 0.05, **P < 0.005).
prokaryotic and eukaryotic photosynthetic organisms. Detailed
analysis of the mechanisms controlling photosynthetic electron
transport through transcriptional cascades is important, and it
may also lead to an understanding of the regulatory mechanisms
of primary metabolism in cyanobacteria.
ACKNOWLEDGMENTS
This work was supported by the Ministry of Education, Culture,
Sports, Science, and Technology, Japan, through a grant to TO
fromCREST from the Japan Science and Technology Agency and
ALCA from the Japan Science and Technology Agency (project
name “Production of cyanobacterial succinate by the genetic
engineering of transcriptional regulators and circadian clocks”).
All authors contributed to the work and approved the submission
of the manuscript.
SUPPLEMENTARY MATERIAL




Amunts, A., and Nelson, N. (2009). Plant photosystem I design in the light of
evolution. Structure 17, 637–650. doi: 10.1016/j.str.2009.03.006
Barber, J. (2014). Photosystem II: its function, structure, and implications
for artificial photosynthesis. Biochemistry 79, 185–196. doi:
10.1134/s0006297914030031
Campbell, D., Hurry, V., Clarke, A. K., Gustafsson, P., and Oquist, G.
(1998). Chlorophyll fluorescence analysis of cyanobacterial photosynthesis and
acclimation.Microbiol. Mol. Biol. Rev. 62, 667–683.
Collier, J. L., and Grossman, A. R. (1994). A small polypeptide triggers
complete degradation of light-harvesting phycobiliproteins in nutrient-
deprived cyanobacteria. EMBO J. 13, 1039–1047.
Görl, M., Sauer, J., Baier, T., and Forchhammer, K. (1998). Nitrogen-starvation-
induced chlorosis in Synechococcus PCC 7942: adaptation to long-term
survival.Microbiology 144, 2449–2458. doi: 10.1099/00221287-144-9-2449
Grimme, L. H., and Boardman, N. K. (1972). Photochemical activities of a particle
fraction P 1 obtained from the green alga Chlorella fusca. Biochem. Biophys. Res.
Commun. 49, 1617–1623. doi: 10.1016/0006-291X(72)90527-X
Hauf, W., Schlebusch, M., Hüge, J., Kopka, J., Hagemann, M., and Forchhammer,
K. (2013). Metabolic changes in Synechocystis PCC6803 upon nitrogen-
starvation: excess NADPH sustains polyhydroxybutyrate accumulation.
Metabolites 3, 101–118. doi: 10.3390/metabo3010101
Iijima, H., Nakaya, Y., Kuwahara, A., Hirai, M. Y., and Osanai, T. (2015a). Seawater
cultivation of freshwater cyanobacterium Synechocystis sp. PCC 6803 drastically
alters amino acid composition and glycogen metabolism. Front. Microbiol.
6:326. doi: 10.3389/fmicb.2015.00326
Iijima, H., Shirai, T., Okamoto, M., Kondo, A., Hirai, M. Y., and Osanai, T.
(2015b). Changes in primary metabolism under light and dark conditions in
response to overproduction of a response regulator RpaA in the unicellular
cyanobacterium Synechocystis sp. PCC 6803. Front. Microbiol. 6:888. doi:
10.3389/fmicb.2015.00888
Ikeuchi, M., and Tabata, S. (2001). Synechocystis sp. PCC 6803—a useful tool in
the study of the genetics of cyanobacteria. Photosynth. Res. 70, 73–83. doi:
10.1023/A:1013887908680
Imamura, S., Asayama, M., and Shirai, M. (2004). In vitro transcription analysis
by reconstituted cyanobacterial RNA polymerase: roles of group 1 and 2
sigma factors and a core subunit, RpoC2. Genes Cells 9, 1175–1187. doi:
10.1111/j.1365-2443.2004.00808.x
Imamura, S., Asayama, M., Takahashi, H., Tanaka, K., Takahashi, H., and Shirai,
M. (2003). Antagonistic dark/light-induced SigB/SigD, group 2 sigma factors,
expression through redox potential and their roles in cyanobacteria. FEBS Lett.
554, 357–362. doi: 10.1016/S0014-5793(03)01188-8
Ishiura, M., Kutsuna, S., Aoki, S., Iwasaki, H., Andersson, C. R., Tanabe, A., et al.
(1998). Expression of a gene cluster kaiABC as a circadian feedback process in
cyanobacteria. Science 281, 1519–1523. doi: 10.1126/science.281.5382.1519
Iwasaki, H., Williams, S. B., Kitayama, Y., Ishiura, M., Golden, S. S., and Kondo,
T. (2000). A kaiC-interacting sensory histidine kinase, SasA, necessary to
sustain robust circadian oscillation in cyanobacteria. Cell 101, 223–233. doi:
10.1016/S0092-8674(00)80832-6
Frontiers in Microbiology | www.frontiersin.org 8 October 2015 | Volume 6 | Article 1150
Kuwahara et al. Modification of photosynthesis by Hik8
Jordan, P., Fromme, P., Witt, H. T., Klukas, O., Saenger, W., and Krauss, N.
(2001). Three-dimensional structure of cyanobacterial photosystem I at 2.5 Å
resolution. Nature 411, 909–917. doi: 10.1038/35082000
Kanesaki, Y., Shiwa, Y., Tajima, N., Suzuki, M., Watanabe, S., Sato, N., et al. (2012).
Identification of substrain-specific mutations by massively parallel whole-
genome resequencing of Synechocystis sp. PCC 6803. DNA Res. 19, 67–79. doi:
10.1093/dnares/dsr042
Kappell, A. D., and van Waasbergen, L. G. (2007). The response regulator RpaB
binds the high light regulatory 1 sequence upstream of the high-light inducible
hliB gene from the cyanobacterium Synechocystis PCC 6803. Arch. Microbiol.
187, 337–342. doi: 10.1007/s00203-007-0213-1
Karapetyan, N. V., Bolychevtseva, Y. V., Yurina, N. P., Terekhova, I. V., Shubin,
V. V., and Brecht, M. (2014). Long-wavelength chlorophylls in Photosystem I
of cyanobacteria: origin, localization, and functions. Biochemistry 79, 213–220.
doi: 10.1134/s0006297914030067
Kiyota, H., Hirai, M. Y., and Ikeuchi,M. (2014). NblA1/A2-dependent homeostasis
of amino acid pools during nitrogen starvation in Synechocystis sp. PCC 6803.
Metabolites 4, 517–531. doi: 10.3390/metabo4030517
Kojima, K., Motohashi, K., Morota, T., Oshita, M., Hisabori, T., Hayashi, H., et al.
(2009). Regulation of translation by the redox state of elongation factor G in the
cyanobacterium Synechocystis sp. PCC 6803. J. Biol. Chem. 284, 18685–18691.
doi: 10.1074/jbc.M109.015131
Kucho, K., Okamoto, K., Tsuchiya, Y., Nomura, S., Nango, M., Kanehisa, M.,
et al. (2005). Global analysis of circadian expression in the cyanobacterium
Synechocystis sp. strain PCC 6803. J. Bacteriol. 187, 2190–2199. doi:
10.1128/JB.187.6.2190-2199.2005
Majeed, W., Zhang, Y., Xue, Y., Ranade, S., Blue, R. N., Wang, Q., et al. (2012).
RpaA regulates the accumulation of monomeric photosystem I and PsbA under
high light conditions in Synechocystis sp. PCC 6803. PLoS ONE 7:e45139. doi:
10.1371/journal.pone.0045139
Markson, J. S., Piechura, J. R., Puszynska, A. M., and O’Shea, E. K. (2013).
Circadian control of global gene expression by the cyanobacterial master
regulator RpaA. Cell 155, 1396–1408. doi: 10.1016/j.cell.2013.11.005
Mulo, P., Sicora, C., and Aro, E.-M. (2009). Cyanobacterial psbA gene family:
optimization of oxygenic photosynthesis. Cell Mol. Life Sci. 66, 3697–3170. doi:
10.1007/s00018-009-0103-6
Murakami, A., and Fujita, Y. (1991). Regulation of photosystem stoichiometry
in the photosynthetic system of the cyanophyte Synechocystis PCC 6714 in
response to light-intensity. Plant Cell Physiol. 32, 223–230.
Nakajima, M., Imai, K., Ito, H., Nishiwaki, T., Murayama, Y., Iwasaki, H.,
et al. (2005). Reconstitution of circadian oscillation of cyanobacterial KaiC
phosphorylation in vitro. Science 308, 414–415. doi: 10.1126/science.1108451
Nixon, P. J., Michoux, F., Yu, J., Boehm, M., and Komenda, J. (2010). Recent
advances in understanding the assembly and repair of photosystem II. Ann.
Bot. 106, 1–16. doi: 10.1093/aob/mcq059
Osanai, T., Ikeuchi, M., and Tanaka, K. (2008). Group 2 sigma factors
in cyanobacteria. Physiol. Plant. 133, 490–506. doi: 10.1111/j.1399-
3054.2008.01078.x
Osanai, T., Imamura, S., Asayama, M., Shirai, M., Suzuki, I., Murata, N., et al.
(2006). Nitrogen induction of sugar catabolic gene expression in Synechocystis
sp. PCC 6803. DNA Res. 13, 185–195. doi: 10.1093/dnares/dsl010
Osanai, T., Kuwahara, A., Iijima, H., Toyooka, K., Sato,M., Tanaka, K., et al. (2013).
Pleiotropic effect of sigE over-expression on cell morphology, photosynthesis
and hydrogen production in Synechocystis sp. PCC 6803. Plant J. 76, 456–465.
doi: 10.1111/tpj.12310
Osanai, T., Oikawa, A., Azuma, M., Tanaka, K., Saito, K., Hirai, M. Y., et al. (2011).
Genetic engineering of group 2 sigma factor SigE widely activates expressions
of sugar catabolic genes in Synechocystis species PCC 6803. J. Biol. Chem. 286,
30962–30971. doi: 10.1074/jbc.M111.231183
Osanai, T., Oikawa, A., Shirai, T., Kuwahara, A., Iijima, H., Tanaka, K., et al. (2014).
Capillary electrophoresis-mass spectrometry reveals the distribution of carbon
metabolites during nitrogen starvation in Synechocystis sp. PCC 6803. Environ.
Microbiol. 16, 512–524. doi: 10.1111/1462-2920.12170
Osanai, T., Shirai, T., Iijima, H., Kuwahara, A., Suzuki, I., Kondo, A., et al.
(2015). Alteration of cyanobacterial sugar and amino acid metabolism by
overexpression hik8, encoding a KaiC-associated histidine kinase. Environ.
Microbiol. 17, 2430–2440. doi: 10.1111/1462-2920.12715
Pollari, M., Gunnelius, L., Tuominen, I., Ruotsalainen, V., Tyystjärvi, E.,
Salminen, T., et al. (2008). Characterization of single and double inactivation
strains reveals new physiological roles for group 2 sigma factors in the
cyanobacterium Synechocystis sp. PCC 6803. Plant Physiol. 147, 1994–2005. doi:
10.1104/pp.108.122713
Pollari, M., Rantamäki, S., Huokko, T., Kårlund-Marttila, A., Tyystjärvi, E., and
Tyystjärvi, T. (2011). Effects of deficiency and overdose of group 2 sigma factors
in triple inactivation strains of Synechocystis sp. strain PCC 6803. J. Bacteriol.
193, 265–273. doi: 10.1128/JB.01045-10
Pollari, M., Ruotsalainen, V., Rantamäki, S., Tyystjärvi, E., and Tyystjärvi,
T. (2009). Simultaneous inactivation of sigma factors B and D
interferes with light acclimation of the cyanobacterium Synechocystis
sp. strain PCC 6803. J. Bacteriol. 191, 3992–4001. doi: 10.1128/JB.
00132-09
Puthiyaveetil, S., Ibrahim, I. M., Jelicic´, B., Tomasic´, A., Fulgosi, H., and Allen, J.
F. (2010). Transcriptional control of photosynthesis genes: the evolutionarily
conserved regulatory mechanism in plastid genome function. Genome Biol.
Evol. 2, 888–896. doi: 10.1093/gbe/evq073
Richaud, C., Zabulon, G., Joder, A., and Thomas, J.-C. (2001). Nitrogen or sulfur
starvation differentially affects phycobilisome degradation and expression of
the nblA gene in Synechocystis strain PCC 6803. J. Bacteriol. 183, 2989–2994.
doi: 10.1128/JB.183.10.2989-2994.2001
Rippka, R. (1988). Isolation and purification of cyanobacteria. Methods Enzymol.
167, 3–27. doi: 10.1016/0076-6879(88)67004-2
Seino, Y., Takahashi, T., and Hihara, Y. (2009). The response regulator RpaB binds
to the upstream element of Photosystem I genes to work positive regulation
under low-light conditions in Synechocystis sp. strain PCC 6803. J. Bacteriol.
191, 1581–1586. doi: 10.1128/JB.01588-08
Seki, A., Hanaoka, M., Akimoto, Y., Masuda, S., Iwasaki, H., and Tanaka, K.
(2007). Induction of a group 2 sigma factor, RPOD3, by high light and the
underlying mechanism in Synechococcus elongatus PCC 7942. J. Biol. Chem.
282, 36887–36894. doi: 10.1074/jbc.M707582200
Silva, P., Thompson, E., Bailey, S., Kruse, O., Mullineaux, C. W., Robinson, C.,
et al. (2003). FtsH is involved in the early stages of repair of Photosystem
II in Synechocystis sp. PCC 6803. Plant Cell 15, 2152–2164. doi: 10.1105/
tpc.012609
Singh, A. K., and Sherman, L. A. (2005). Pleiotropic effect of a histidine kinase
on carbohydrate metabolism in Synechocystis sp. strain PCC 6803 and its
requirement for heterotrophic growth. J. Bacteriol. 187, 2368–2376. doi:
10.1128/JB.187.7.2368-2376.2005
Sonoike, K., Hihara, Y., and Ikeuchi, M. (2001). Physiological significance of
the regulation of photosystem stoichiometry upon high light acclimation
of Synechocystis sp. PCC 6803. Plant Cell Physiol. 42, 379–384. doi:
10.1093/pcp/pce046
Summerfield, T. C., and Sherman, L. A. (2007). Role of sigma factors in controlling
global gene expression in light/dark transitions in the cyanobacterium
Synechocystis sp. strain PCC 6803. J. Bacteriol. 189, 7829–7840. doi:
10.1128/JB.01036-07
Umena, Y., Kawakami, K., Shen, J. R., and Kamiya, N. (2011). Crystal structure of
oxygen-evolving photosystem II at a resolution of 1.9 Å.Nature 473, 55–60. doi:
10.1038/nature09913
Williams, J. G. K. (1988). Construction of specific mutations in photosystem II
photosynthetic reaction center by genetic engineering methods in Synechocystis
6803. Methods Enzymol. 167, 766–778. doi: 10.1016/0076-6879(88)
67088-1
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2015 Kuwahara, Arisaka, Takeya, Iijima, Hirai and Osanai. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.
Frontiers in Microbiology | www.frontiersin.org 9 October 2015 | Volume 6 | Article 1150
